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ABSTRACT 


Detailed  measurements  of  the  attenuation  of  high-purity  planar  GaAs 

waveguides  have  been  made  over  the  wavelength  range  from  0.90  to 

1.06  pm.  The  loss,  which  appears  to  be  primarily  due  to  a band-edge 

absorption  tail,  ranges  from  3.0  cm  at  0.90  pm  to  0.3  cm  at 
-1 

1.06  pm  and  is  <1  cm  for  X > 0.909  pm.  These  waveguides  are  suit- 
able for  use  with  Si-doped  GaAs-AlGaAs  integrated  lasers  and  with 
integrated  electroabsorption  detectors  and  modulators. 

Integrated  structures  consisting  of  Fabry-Perot  GaAs-AlGaAs  double- 
heterostructure lasers  immersed  in  high-purity  GaAs  slab  waveguides 
have  been  fabricated  and  characterized.  These  structures  are  quite 
attractive  for  use  as  sources  in  GaAs-based  monolithic  integrated  opti- 
cal circuits.  Threshold  current  densities  at  room  temperature  as  low 
as  7.5  kA/cm  for  1-pm-thick  active  regions  were  measured.  Meas- 
ured external  differential  quantum  efficiencies  of  the  laser-waveguide 
combinations  were  about  3.5  percent,  but  appeared  to  be  limited  by  the 
presence  of  internally  circulating  modes. 

Over  three-orders-of-magnitude  reduction  of  lattice-misfit  dislocation 
densities  in  heteroepitaxial  PbQ  ggSnQ  ^Te  ^ayers  grown  either  by 
molecular  beam  or  liquid-phase  epitaxy  has  been  achieved  by  growing 
the  layers  on  nearly  lattice-matched  PfrTeo.952SeQ.048  substrates. 
The  etch-pit  density  of  the  layers  is  in  the  range  of  10^  cm  2,  and  is 
comparable  to  that  of  the  substrates. 
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INTEGRATED  OPTICAL  CIRCUITS 


I.  GaAs-BASED  INTEGRATED  OPTICAL  CIRCUITS 

A.  LOW-LOSS  HIGH-PURITY  GaAs  WAVEGUIDES 

GaAs  has  been  extensively  investigated  as  a material  for  integrated  optical  circuit  light 

guides  at  1.06-  and  1.15-[j.m  wavelengths.  Low-loss,  three-dimensional  waveguides  of  several 

1 2 

different  types  have  been  fabricated.  * The  change  in  refractive  index  which  is  responsible  for 
the  guiding  action  in  these  structures  has  been  obtained  by  using  either  heavily  doped  substrate 
material  (and  in  some  instances  also  a heavily  doped  cladding  material)  which  has  a lower  index 
of  refraction,  or  a wider-bandgap  material  such  as  A1  Ga,  As  which  also  has  a lower  refrac- 

X 1 “X  _ ^ 

tive  index,  as  the  cladding  for  the  GaAs  waveguides.  Losses  as  low  as  2 cm  also  have  been 

achieved  at  these  wavelengths  with  three-dimensional  waveguides  formed  by  using  proton  bom- 

3 

bardment  to  decrease  the  carrier  concentration.  However,  because  the  GaAs  material  used  in 
all  these  waveguides  was  relatively  heavily  doped  or  compensated,  the  absorption  tails  close  to 
the  band  edge  made  these  guides  extremely  lossy  at  shorter  wavelengths.  These  absorption 
tails  presumably  result  from  the  Franz-Keldysh  effect  and  internal  electric  fields  which  are 

4 

due  to  ionized  impurities  or  other  defects.  It  should  therefore  be  possible  to  reduce  these 
losses  by  using  high-purity  GaAs  for  the  waveguide  material. 

To  investigate  this  possibility,  we  have  made  transmission  measurements  on  planar  high- 
purity  GaAs  light  guides  at  wavelengths  close  to  the  band  edge.  These  measurements  indicate 
that  low-loss  guides  (a  < 1 cm  *)  for  use  with  GaAs  room -temperature  lasers  can  be  fabricated 
in  this  material.  Besides  simplifying  the  fabrication  procedures  for  integrated  optical  circuits, 
these  waveguides  are  well  suited  to  the  incorporation  of  electroabsorption  modulators  and 
detectors. 

A schematic  diagram  of  the  arrangement  used  to  measure  the  waveguide  transmission  is 
shown  in  Fig.  1.  The  source  is  a grating-controlled  external  cavity  GaAs  room-temperature 

5 

laser.  By  adjusting  the  grating  angle,  the  laser  wavelength  can  be  tuned  over  approximately 

o 

a 150- A wavelength  range  in  the  vicinity  of  about  0.9  (J.m.  A series  of  about  five  different  laser 
diodes  permits  the  entire  wavelength  range  between  about  0.93  and  0.85  (j.m  or  less  to  be  covered. 
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Fig.  1.  Schematic  diagram  of  experimental  arrangement  used  to  measure 
the  loss  coefficient  of  high-purity  GaAs  waveguides. 
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The  emission  from  the  laser  was  collimated  by  a microscope  objective  and  then  either  directed 
to  a spectrometer  for  wavelength  calibration,  or  focused  on  a cleaved  edge  of  the  planar  wave- 
guides for  the  transmission  measurements.  The  emission  from  the  other  cleaved  edge  of  the 
planar  waveguides  was  observed  with  in  infrared  microscope  for  alignment  purposes.  For 
quantitative  transmission  measurements,  the  incident  laser  power,  as  well  as  the  power  emitted 
from  the  cleaved  edge  of  the  waveguit  e,  was  measured  using  a large  area  Si  PIN  detector.  By 
making  the  transmission  measurements  on  two  or  more  different  lengths  of  guides,  the  expo- 
nential loss  coefficient  of  the  planar  waveguides  could  be  calculated. 

The  variation  of  the  exponential  loss  coefficient  with  wavelength  for  one  planar  high-purity 
GaAs  waveguide  is  shown  in  Fig.  2.  The  epitaxial  material  for  this  waveguide  was  unintentionally 


Fig.  2.  Experimental  loss  coefficient  for  a high-purity  GaAs  waveguide 
(circles)  and  for  a bulk  s imple  of  comparable  purity  (squares). 

doped,  compensated  high-resistivity  GaAs  with  a total  ionized  impurity  concentration  estimated 
14  -3 

to  be  in  the  low  10  -cm  range.  The  free- carrier  concentration  of  the  20-pm-thick  epitaxial 
layer  was  <10*^  cm  ^ and  the  substr  ite-carrier  concentration  was  1 X 10^  cm  which  gives 

~ -3 

a refractive  index  difference  betweer  the  layers  of  1.4  X 10  . For  these  guide  parameters,  a 

total  of  five  modes  could  propagate.  The  exponential  loss  coefficients  shown  were  calculated 

from  transmission  measurements  on  three  different  waveguides  of  1.4-,  0.9-,  and  0.5-cm 

lengths.  The  error  bars  on  the  poin  at  1.06  pm  indicate  the  uncertainty  in  the  loss  coefficient 

-1 

a from  the  three  different  measurements.  There  is  a gradual  increase  in  a from  0.3  cm 

at  1.06  pm  to  0.7  cm  * at  0.915  pm.  For  shorter  wavelengths,  the  increase  is  more  rapid, 

-1  -1 

reaching  0.95  cm  at  0.910  pm  and  .5  cm  at  0.905  pm.  The  more  rapid  increase  in  the  loss 
at  the  shorter  wavelengths  is  due  to  he  nearness  of  the  absorption  edge.  As  mentioned  earlier, 
the  absorption  at  these  wavelengths  \s  presumably  due  to  the  Franz-Keldysh  effect  in  conjunction 
with  the  internal  electric  fields  in  t.ie  crystal  which  result  from  ionized  impurities  or  other 
crystal  defects.  The  small  shoulder  present  at  0.905  pm  has  been  observed  previously  in  other 
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absorption  and  photoconductive  measurements,  but  its  origin  has  not  been  determined.  Also 

shown  in  this  figure  (by  the  square  data  points)  is  the  wavelength  variation  of  the  absorption 

coefficient  determined  from  measurements  on  bulk  material  (epitaxial  layers  with  the  substrate 

14  -3 

removed)  with  a total  ionized  impurity  concentration  of  5 X 10  cm  and  a liquid  nitrogen 

2 

temperature  mobility  of  160,000  cm  /V-sec.  This  material  was  selected  because  its  purity 
was  comparable  to  that  estimated  for  the  waveguide  material.  The  slightly  higher  measured 
loss  for  the  bulk  material  indicates  that  the  total  ionized  impurity  content  for  this  material  is 
slightly  higher  than  that  of  the  waveguide,  since  the  losses  for  the  guided  radiation  would  be 
higher  than  the  bulk  absorption  on  the  same  material  because  of  the  effects  of  higher- order 
modes,  scattering,  etc. 

G.  E.  Stillman 
C.  M.  Wolfe 
J.  A.  Rossi 

B.  INTEGRATED  GaAs-AlGaAs  DOUBLE-HETEROSTRUCTURE  LASERS 

The  capability  of  integrating  a laser  source  with  a passive  optical  waveguide  is  an  important 

element  in  the  fabrication  of  a monolithic  integrated  optical  circuit.  One  such  structure,  which 

utilizes  the  "twin  guide"  concept  whereby  light  from  a GaAs-AlGaAs  laser  is  coupled  downward 

into  an  AlGaAs  waveguide  parallel  to  the  laser  active  region,  has  been  demonstrated  by  Suematsu 
6 7 

et  aL  Reinhart  and  Logan  also  have  described  a different  structure  wherein  a passive  AlGaAs 

waveguide  layer  has  been  included  within  the  Fabry-Perot  cavity  of  a GaAs-AlGaAs  laser. 

Another  approach,  which  we  have  successfully  implemented,  involves  the  integration  of  an 

independent  Fabry-Perot  GaAs-AlGaAs  double-heterostructure  (DH)  laser  with  a high-purity 

GaAs  passive  waveguide.  This  structure  has  the  features  that  it  is  planar,  the  fabrication  and 

operation  of  the  laser  are  completely  independent  of  the  waveguide,  and  it  is  compatible  with 

8 9 

Fabry-Perot,  distributed  feedback  (DFB),  or  distributed  Bragg  reflector  (DBR)  lasers. 

-1  ° 10 

Furthermore,  it  utilizes  the  low-loss  (a  < 1 cm  at  \ = 9100  A)  high-purity  waveguides  in 

10-12  13 

which  integrated  electroabsorption  modulators  and  both  electroabsorption  and  InGaAs 

14 

avalanche  detectors  have  been  demonstrated. 

A schematic  cross  section  of  the  laser-waveguide  structure  is  shown  in  Fig.  3.  Fabrication 
of  the  devices  began  with  a typical  GaAs-AlGaAs  DH  wafer  grown  by  liquid-phase  epitaxy  (LPE) 
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Fig.  3.  Artist's  representation  of  the  cross  section  of  a GaAs-AlGaAs 
DH  laser  integrated  into  a high-purity  GaAs  waveguide.  Dimensions 
shown  are  typical.  Typical  laser  widths  were  45  and  90  pm. 
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LASER 

WAVEGUIDE 

Fig.  4.  Scanning  electron  micrograph  of  a 
cleaved  cross  section  of  the  interface  be- 
tween the  GaAs-AlGaAs  DH  laser  and  the 
high-purity  GaAs  waveguide.  The  GaAs 
has  been  selectively  etched  about  0.3  >im 
after  cleaving  to  enhance  details.  Di- 
agonal lines  and  slight  chipping  at  the  in- 
terface between  the  laser  active  region 
and  waveguide  are  both  due  to  imperfect 
cleaving  (cleavage  plane  is  45°  to  plane 
of  interface). 
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Fig.  5.  Infrared  photomicrograph  and 
artist's  sketch  of  top  view  of  an  operat- 
ing integrated  laser-waveguide  struc- 
ture. The  laser  itself  is  45  X 305  >xm2. 
Brightness  around  the  diode  perimeter 
is  exaggerated  by  the  long  exposure 
necessary  to  show  up  scattered  light 
from  the  beam.  Bright  spot  at  left- 
hand  edge  is  due  to  scattering  of  the 
beam  by  a large  chip  in  the  edge. 


GUIDED  OUTPUT 
LASER  BEAM 
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on  a (100) -oriented  substrate.  The  active  region  was  doped  heavily  p-type  with  silicon  in  order 

o 

to  achieve  laser  emission  near  9100  A for  low  loss  in  the  GaAs  waveguide.  Using  photolitho- 

graphically  defined  pyrolytic  SiC>2  as  a mask,  rectangular  mesas  3 00  jxm  long,  45  or  90  pm  wide, 

and  10  to  12  pm  high  were  created  by  chemically  etching  (1  8 H2C>2;  1 H20  at  2 °C)  down 

through  the  grown  layers  to  the  substrate.  Orientation  of  the  rectangles  along  (100)  directions 

15 

resulted  in  mesas  with  walls  perpendicular  to  the  (100)  wafer  surface,  the  parallel  end  faces 

of  the  mesa  then  forming  the  end  mirrors  for  the  Fabry- Perot  cavity.  Etched  and  grown  mesa 

1 6 

Fabry-Perot  homojunction  lasers  have  been  described  earlier  by  Dobkin  et  al.  and  Blum 
1 7 

et  aL,  respectively.  After  etching  of  the  mesas,  the  superoxol  etch  described  by  Logan  and 
1 8 

Reinhart  was  used  to  selectively  remove  about  1 pm  of  GaAs  without  etching  the  AlGaAs.  This 
secondary  etch  appeared  to  improve  the  parallelism  of  end  faces  which  had  not  etched  perpendic- 
ular to  the  wafer  surface  during  the  formation  of  the  mesas.  However,  the  necessity  or  even 
the  beneficial  effect  of  this  etch  has  not  been  established  at  present.  In  order  to  provide  a re- 
flecting dielectric  mismatch  between  the  end  faces  of  the  Fabry-Perot  laser  and  the  high-purity 

o 

GaAs  waveguide  to  be  grown  around  the  mesas,  a layer  of  pyrolytic  SiC>2,  1200  to  1500  A thick, 
was  deposited,  photolithographically  defined,  and  etched,  leaving  only  the  walls  and  tops  of  the 
mesas  covered.*  By  vapor-phase  epitaxy,  the  high-purity  GaAs  waveguide  material  was  then 
grown  on  the  substrate  surrounding  the  mesas  to  a thickness  approximately  equal  to  the  mesa 
height. 

A scanning  electron  micrograph  of  a cross  section  of  the  laser -waveguide  interface  is  shown 
in  Fig.  4.  It  can  be  seen  that  the  GaAs  waveguide  material  makes  intimate  contact  with  the  thin 
Si02  layer  on  the  wall  of  the  mesa.  The  apparent  gap  between  the  GaAs  active  region  and  the 
waveguide  is  the  result  of  an  imperfect  cleave  as  well  as  the  effect  of  the  selective  GaAs  etch 
used  after  cleaving  to  enhance  the  definition  of  the  various  layers. 

Contact  to  the  tops  of  the  mesas  was  made  with  sputtered  Cr-Au,  and  an  alloyed  Au-Sn 
contact  was  made  to  the  substrate.  The  wafer  was  then  sawed  into  dice  0.45  mm  wide  by  1.0  mm 
long  with  the  laser  located  near  one  end  of  the  die.  The  lasers  were  pressure-contacted  and 
tested  using  low-duty-cycle  rectangular  current  pulses  of  100-nsec  duration.  All  measurements 
reported  here  were  made  with  the  devices  at  room  temperature. 

Above  threshold,  the  laser  radiation  clearly  was  coupled  into  the  waveguide  and  emitted 
from  the  waveguide  layer  at  the  end  faces  of  the  dice.  An  infrared  photomicrograph  of  a top 
view  of  an  operating  laser-waveguide  structure  is  shown  in  Fig.  5.  The  path  of  the  beam  is 
evident  due  to  scattering  of  some  radiation  out  of  the  waveguide  by  surface  imperfections.  The 
light  leaking  out  around  the  perimeter  of  the  diode  appears  much  more  intense  than  it  actually 
is  because  of  the  long  photographic  exposure  required  to  show  the  light  scattered  from  the  con- 
fined beam. 

For  diodes  which  appeared  to  exhibit  the  expected  conventional  two-mirror  Fabry-Perot 

o 

operation,  the  spacing  of  the  observed  spectral  modes  was  about  3 A,  which  corresponds  to  the 
calculated  separation  of  the  longitudinal  modes  of  the  300-pm-long  mesa  (assuming  an  effective 
refractive  index  of  4.5).  The  lowest  measured  threshold  current  density  for  these  lasers  was 
7.5  kA/cm  for  the  1-pm-thick  active  region.  The  measured  external  differential  quantum 


*A  plane  wave  calculation  of  the  transmission  properties  at  9100  A of  a layer  of  SiC>2  sand- 
wiched between  GaAs  gives  a reflectivity  of  greater  than  33  percent  for  a thickness  t in  the 

range  750  A < t < 237  5 A. 
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efficiencies  of  the  laser-waveguide  combination  were  somewhat  low,  about  3.5  percent.  This 
may  be  the  result  of  difficulties  in  collecting  all  the  radiation  emitted  from  the  rough  sawed  end 
of  the  waveguide  and/or  the  presence  of  internally  reflected  circulating  modes  which  trap 

some  of  the  energy  within  the  laser.  A rough  measurement  of  the  waveguide  attenuation  in 

-1  -1 

these  structures  gave  an  upper  limit  of  8 cm  , a value  which  is  higher  than  the  2 cm  of  good 

10  o 

high-purity  GaAs  waveguides  at  903  0 A,  but  not  high  enough  to  significantly  affect  the  external 
quantum  efficiency. 

A number  of  the  diodes  fabricated  were  not  so  well  behaved  as  those  described  above.  The 

operation  of  most  of  these  devices,  particularly  the  wider  ones,  appeared  to  be  dominated  by 

total-internal-reflection  modes.  The  observation  of  unusually  low  thresholds  (as  low  as 
2 

3.5  kA/cm  ),  low  efficiencies  «1  -percent  external  differential  quantum  efficiency),  complex 

spectra,  and  emission  from  the  corners  of  the  mesas  all  are  consistent  with  the  presence  of 

19 

internally  reflected  modes.  This  is  not  too  surprising  since  the  etched  side  walls,  as  well  as 
the  ends  of  the  lasers,  were  reflecting,  and  nothing  was  done  to  spoil  the  Q of  the  transverse 
cavity. 

It  is  expected  that  considerable  improvement  in  the  performance  of  these  integrated  lasers 
can  be  obtained  by  the  incorporation  of  a stripe-geometry  structure  to  spoil  the  transverse  Q 
and  quench  the  internally  circulating  modes,  as  well  as  by  reduction  of  the  active  region  thick- 
ness to  achieve  lower  threshold  operation. 

C.  E.  Hurwitz  C.  M.  Wolfe 
J.  A.  Rossi  G.  E.  Stillman 
J.  J.  Hsieh 
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II.  LEAD-SALT  INTEGRATED  OPTICAL  CIRCUITS: 

LATTICE-MISFIT  DISLOCATIONS  IN  HETEROEPITAXIAL  Pb^Sn^Te 

We  have  demonstrated  using  both  molecular -beam  and  liquid-phase  epitaxy  (MBE  and  LPE) 

over  three-orders-of -magnitude  reduction  in  dislocation  density  in  heteroepitaxial  Pb^  ggSn^  ^T e 

layers  grown  on  nearly  lattice-matched  PbTe^  952^0  048  substrates  with  O00>  orientation  as 

opposed  to  PbTe  substrates.  The  maximum  theoretical  dislocation  density  due  to  lattice  mis- 

9 -2 

match  for  the  12 -percent  SnTe  alloy  on  PbTe  substrates  is  of  the  order  of  10  cm  . Experi- 
mentally, we  find  the  etch-pit  density  (EPD)  for  unmatched  heteroepitaxy  ta  be  greater  than 

7 .o 

10  cm  with  no  obvious  dependence  on  growth  conditions  or  substrate  preparation.  For  EPD 
7 -2 

much  above  10  cm  , individual  etch  pits  become  impossible  to  resolve.  This  is  the  usual 

situation  for  unmatched  epitaxy  as  shown  in  Fig.  6(a),  where  the  entire  surface  of  the  epitaxial 

layer  becomes  uniformly  gray  in  appearance  after  application  of  either  Tilly1  s dislocation  etch2^ 

21 

or  the  low-voltage  Norr  electrolytic  etch.  Figure  6(b)  shows  the  results  of  a dislocation  etch 

on  a lattice-matched  epitaxial  layer.  Here,  regions  of  high  EPD  are  confined  to  areas  of  damage 

(due,  in  this  case  of  LPE  growth,  to  the  slider  which  removes  the  melt).  The  EPD  varies  over 

4 -2 

the  surface  and  is  comparable  to  that  of  the  substrate  itself,  in  the  range  of  10  cm 
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Fig.  6.  Surfaces  of  epitaxial  Pbo.88Sno.12Te  after  dislocation  etch:  (a)  MBE  layer 
on  a PbTe  substrate;  EPD  is  essentially  unresolved  at  any  magnification  and  is 
uniform,  (b)  LPE  layer  on  a PbTeo.952Seo.048  substrate;  regions  of  high  EPD 
are  seen  where  damage  occurs  from  the  slider  used  to  remove  the  melt. 

Further  studies  of  EPD  using  a variety  of  substrate-epitaxial-layer  configurations  bear  out 

the  general  conclusion  that  sufficiently  close  lattice  matching  can  be  achieved  between  PbTeSe 

and  PbSnTe  alloys  to  significantly  decrease  misfit  dislocations.  These  results  are  summarized 

7 -2 

in  Table  I.  Here,  the  high  EPD  indicates  >10  cm  and  low  EPD  indicates  on  the  order  of 
4 -2 

10  cm  or  less,  essentially  determined  by  the  substrate.  It  is  interesting  to  note  that  no 

improvement  in  EPD  was  seen  for  PbQ  ggSnQ  ^Te  ^ayers  on  00^n0  10^e  comParec^  to  PbTe 

substrates  although  the  lattice  mismatch  Aa/a  is  reduced  from  2.4  X 10“3  to  6 X 10“4.  (Appar- 

-4 

ently,  strain  as  small  as  6 X 10  cannot  be  accommodated  without  plastic  deformation.)  We 

-4 

estimate  that  Aa/a  between  PbQ  ggSnQ  ^Te  and  PbTeg  952^0  048  *s  *ess  than  1 x 10 

J.  N.  Walpole  S.  H.  Groves 
A.  R.  Calawa  T.  C.  Harman 
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TABLE  1 

SUMMARY  OF  RESULTS 

Epitaxial  Layer 

Substrate 

Growth 

EPD 

Pb0.88Sn0. 12Te 

PbTe 

LPE 

High 

PbTe 

MBE 

High 

PbTe 

^O.SS^O.  12Te 

MBE 

High 

Pb0.88Sn0. 12Te 

^O.W^O.  10Te 

LPE 

High 

PbTe 

PbTe 

MBE 

Low 

PbTe 

PbTe 

LPE 

Low 

PbTe0. 952Se0. 048 

MBE 

Low 

PbTe0.952Se0.048 

LPE 

Low 

PbTeO.  952Se0. 048 

^O.SS^O.  12Te 

MBE 

Low 

Pb0.88Sn0. 12Te 

Pb0. 88Sn0. 12Te 

LPE 

Low 
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